Embryogenesis relies on instructions provided by spatially organized signaling molecules known as morphogens. Understanding the principles behind morphogen distribution and how cells interpret locally this information remains a major challenge in developmental biology. Here we introduce morphogen-age measurements as a novel approach to retrieve key parameters in morphogen dynamics. Using a tandem fluorescent timer (tFT) as a protein-age sensor we find a gradient of increasing age of Bicoid (Bcd) along the anterior-posterior (AP) axis in the early Drosophila embryo.
Acquisition of different cell fates at specific spatial and temporal locations is an essential process driving development. The necessary information is provided locally by morphogens 1, 2 . To achieve this, morphogen expression and distribution across tissues is controlled precisely in a spatially confined manner. To understand morphogen gradient formation requires systematic measurement of the morphogen abundance, mobility and distribution using temporally resolved methods. The technical challenges associated with this undertaking are yet unsolved, with significant discussion on how to best assess the principles and mechanisms of their transport [3] [4] [5] . This ambiguity in the data and its interpretation has resulted in a plethora of models for formation of morphogen gradients.
In the early fly embryo, the morphogen Bicoid (Bcd) forms a gradient with high concentration in the anterior pole that determines cell fate along the axis to the posterior pole in a concentration dependent manner 6, 7 (Fig. 1a ). The process is initiated during oogenesis where Bcd mRNA (bcd) is localized to the anterior of the forming embryo [3] [4] [5] 8, 9 . The classic view of Bcd gradient formation is that the protein is synthesized in the anterior pole of the Drosophila blastoderm and forms a long range gradient through diffusion, with the gradient shape adapted by protein degradation (SDD model) 6, 7, 10 . Such a model fits well with the observed Bcd gradient in nuclear division cycle 14 (n.c. 14) , where Bcd levels decay exponentially towards the posterior pole 10, 11 . However, several other models involving alternative mechanisms for Bcd production and distribution have been proposed, all of which are capable of producing an exponential-like concentration profile, as further outlined below [12] [13] [14] [15] [16] [17] .
Efforts to distinguish the different mechanisms have been hindered by uncertainties associated with the measurements of the parameters needed to quantitatively validate different models: local production rates of Bcd; Bcd mobility and transport; and Bcd degradation. Experimental estimates of the diffusion constant vary by an order of magnitude 10, 18 , although recent theoretical work has attempted to meld these measurements 19, 20 , while in vivo 21 and in vitro 22, 23 measurements of the Bcd degradation rate also significantly differ. These differences in the diffusion and degradation rates are meaningful, as they help determine whether the system is in (or close to) equilibrium -a contested issue relevant to the mechanism of gradient interpretation [24] [25] [26] [27] [28] [29] [30] -or indeed whether diffusion alone is sufficient to form the gradient profile 12 . Finally, bcd mRNA is not strictly localized to the anterior pole 13, 31 , suggesting spatially distributed Bcd protein production. Altogether, these debates regarding nearly every aspect of Bcd gradient formation argue for the need of more incisive tools to investigate this paradigmatic problem.
In this work, we revisit Bcd gradient formation based of the observation that the measured protein gradient changed shape as a function of different fluorescent proteins fused to Bcd 31, 32 . Differences in the fluorophores maturation rates could underlie this change, as discussed 31, 32 . Here we employ the tandem fluorescent protein timer (tFT) reporter 33 , which provides simultaneously quantitative information about the Bcd protein age and its spatio-temporal concentration distribution. We use multiview light-sheet fluorescent microscopy 34, 35 to gain high spatial and temporal resolution images of the tFT-Bcd in toto. This data is then used to discriminate between models of Bcd gradient formation, estimate dynamic parameters, investigate the effect of a mutation in a gene previously implicated in Bcd degradation, and study temporal changes through early fly embryogenesis.
Results

Protein age can distinguish different models of Bcd gradient formation
In Bcd gradient formation, broadly two types of models have been considered:
localized Bcd synthesis in the anterior with subsequent long-ranged transport; and pre-patterned synthesis (by an RNA gradient) and restricted protein transport, although also more complicated scenarios such as spatially patterned degradation are imaginable. Interestingly, protein degradation is not a mandatory ingredient in either scenario but plays an important role in determining whether the system can reach steady-state. Within this framework, we consider four models: the SDD model 6, 10 ; the nuclear shuttling model 12 ; bcd mRNA gradient (ARTS) 13, 17, 36 ; and bcd mRNA diffusion and degradation 15, 36 . In the SDD and nuclear shuttling models, protein is synthesized locally and then migrates by diffusion towards the posterior pole ( Fig.   1b ,i-ii). The SDD model incorporates protein degradation, whereas the nuclear shuttling model utilizes the rapid increase in nuclei number in the blastoderm to enable the Bcd concentration to remain roughly constant in each nucleus. The RNA gradient model ( Fig. 1b , iii) is based on an RNA gradient under-laying distributed protein synthesis and incorporates protein degradation and very slow protein diffusion. The RNA diffusion model starts with localized RNA and protein synthesis, and then proposes spreading of the mRNA (protein synthesis) throughout the embryo ( Fig. 1b, iv) . This model reaches a steady-state when the RNA is completely degraded, even though Bcd protein does not decay (and the Bcd protein cannot diffuse) 15 . Further details about the models are provided in Supplementary Information.
All four models can reproduce the observed Bcd concentration profile at n.c.14, as expected ( Fig. 1c, Supplementary Fig. 1a-b ). Distinguishing these models experimentally requires precise measurement of dynamic parameters -which has proven challenging so far. Thus, easily measurable information is required where the models make distinct and robust predictions. What information could this be?
It has been shown that tandem fusions of two different fluorescent proteins with different maturation rates can measure the average time that has passed since the production of a pool of proteins (i.e. its age) 33 . Protein age is dependent on protein turn-over and degradation. Thus, we reasoned that fluorescent timers could be a valuable tool for discerning these models experimentally, which prompted us to explored their predictions regarding protein age. In models that include degradation, the average age of Bcd approaches a steady-state situation where synthesis and degradation are balanced. In models without protein degradation, the average protein age is constantly increasing ( Supplementary Fig. 1c ). We calculated the Bcd protein age as a function of position in the AP axis ( Fig. 1d , Supplementary Fig. 1c-d and Supplementary Information). For the SDD model and the nuclear shuttling models, protein age increases with the distance from the anterior pole, though the average protein age in the SDD model is shorter due to degradation. For the RNA gradient model -where the bcd RNA gradient is the primary determinant of the Bcd gradientthe average age of Bcd is roughly uniform. In contrast, the RNA diffusion model makes an inverse prediction, with younger protein age towards the posterior pole.
To test the robustness of these predictions we explored the parameter space underlying each model for the situation after 2.5 hours (around n.c.14). We varied each parameter over a physiologically relevant range: diffusion coefficient (0.1 to 10 µm 2 s -1 ), protein and RNA lifetimes (10-120 minutes) and the range of the RNA gradient (20-200 µm) . We restricted the gradients to exponential-like profiles with decay lengths between 70-100µm. This revealed that the principal difference of the models with respect to relative Bcd protein age in the gradient is robust, and should allow faithful discrimination between the models (Fig 1e and Supplementary Fig. 1e ).
We note that distinguishing the SDD and nuclear shuttling models is the most challenging. However, combining the protein age data with the protein concentration profiles should enable to discriminate between the two models.
Establishment of a protein-age reporter line
To quantify Bcd protein age experimentally, we fused N-terminally tFTs composed of super-folder GFP (sfGFP 37 ) and different red fluorescent proteins, and expressed them in embryos keeping the regulatory 5' and 3' sequences of the bcd gene ( Fig. 2a ). A pool of proteins tagged with the tFT tag changes its color as a function of time ( Fig.   2b ) with a dynamic range that mostly depends on the slower (red) fluorescent protein.
Moreover, to be informative, the timescale for maturation of the slower maturing fluorophore must be not slower than the dynamics of the system studied (in our case, on the order of an hour) 33, 38 . We constructed six tFT-Bcd lines, each containing different red FPs and analyzed the red and green signal intensity along the AP axis.
Based on this screening, we chose two lines for further investigation ( Supplementary  Fig. 2 ): a line tFT-Bcd (consisting of sfGFP and mCherry tagged to Bcd), and one containing a faster maturing mCherry that we developed using directed protein evolution, termed fmCherry (Methods). We also established a control line that expresses only the tFT reporter (without the Bcd protein coding sequence), but using the regulatory sequences of the bcd gene. We validated the functionality of the tFT-Bcd fusions by rescuing the bcd E1 /bcd E1 null mutant 6 ( Supplementary Fig. 3a-b ).
Quantification of the tFT-Bcd in embryos
Reliable quantification of fluorescence signals in the Drosophila embryo in toto is challenging. For this we used a confocal multi-view light-sheet microscope 34, 39, 40 .
Light sheet-imaging enables highly sensitive in toto fluorescence detection in larger specimens (e.g. embryos), while bleaching and phototoxicity is strongly reduced compared to confocal detection methods 41 . For quantification of tFT-Bcd signals, we first reduced the 3D data to 2D by a mapping procedure that generates 'carpets' 34 Information. We can detect Bcd-GFP fluorescence signal as early as n.c.8, ( Supplementary Fig. 4g ), and in n.c.14 we detected similar intensity variability to previously reported fluctuations in Bcd 10 and above-background Bcd signal in all nuclei, even at the posterior pole, Supplementary Fig. 4h -l.
Quantification of the tFT-Bcd fluoescence-in early n.c.14 embryos revealed that the mCherry/sfGFP intensity ratio increased along the AP axis ( Fig. 2c ). This implies that, on average, the tFT-Bcd is older towards the posterior. In contrast to this, the fmCherry-sfGFP-Bcd line showed a weak but reproducible reversed ratio behavior, Fig. 2d . fmCherry was evolved in yeast based on selection for increased maturation rates (Methods). The most likely explanation would be that fmCherry is maturing with similar speeds or even slightly faster than sfGFP. To test this, we quantified fluorophore formation rates and obtained for sfGFP and fmCherry maturation rates in the range of 20 min, whereas mCherry maturation was around 50 min ( Supplementary   Fig. 5a -c, Supplementary Information). To check that the observed tFT ratio reflects the age of the Bcd protein and not itself, we tested the line with the mCherry-sfGFP reporter without the Bcd protein. This revealed no intensity or tFT ratio gradients, Fig. 2e . A known possible artifact of tFT measurements due to incomplete degradation of the fluorescent timer was excluded 33, 42 , ( Supplementary Fig. 5b , Supplementary Information). In conclusion, our quantitative analysis demonstrates an increase in the relative Bcd age toward the posterior pole and this result does not depend on the specific scaling of the measured intensities ( Supplementary Fig. 2m -n). This is qualitatively in agreement with the predictions from the SDD and nuclear shuttling models ( Fig. 1d ).
Protein age as an independent test of models of Bcd gradient formation
Next, we fitted the alternative models to the experimental data from early n.c.14. The SDD model clearly permitted the best general fit to the tFT-Bcd intensity ratio ( Fig.   3a ), a result that is insensitive to the exact parameters used, as shown in Fig. 1e .
Fitting the timer ratio results does not preclude per se the bcd RNA gradient and the nuclear shuttling models (there are parameter ranges that can fit the ratio), however, only the SDD model can fit both the timer ratio and the intensity spatial profiles.
These suggest that long-range Bcd diffusion and Bcd degradation are the primary dynamic processes in forming the Bcd morphogen gradient profile.
The timer provides space-resolved information on the average protein age as well as the gradient shape. We used this dual information to estimate the underlying dynamic parameters assuming a given model, in this case the SDD model. By fitting both the tFT-Bcd ratio and the concentration profiles in early n.c.14 to the SDD model, we estimated the effective Bcd diffusion coefficient and the life-time independently ( Fig.   3b , Supplementary Fig. 6 ). The obtained values for both parameters (D = 3.0 ± 0.7 µm 2 s -1 and t 1/2 = 38 ± 7 minutes) are consistent with previous reported measurements.
However, a significant advantage here is that both parameters can be estimated from the same embryo at the same moment. The corresponding decay length of the gradient of 82 ± 12 µm is in the range of previously measured values 43 . Including an extended bcd RNA source with decay length less than 40µm was also consistent with our data.
However, using D ~ 0.3 µm 2 s -1 combined with a long-ranged gradient of bcd mRNAas previously hypothesized 13 -cannot reproduce the tFT-Bcd ratio, Supplementary   Fig. 6n -o. Therefore, our data places a limit on the spatial extent of the bcd mRNA gradient. Overall, the tFT-Bcd ratio allows a simultaneous estimation of both diffusion and degradation parameter values and is an independent approach from previous estimations of these parameters.
The timer can probe degradation mechanisms
Our analysis suggests that Bcd degradation is essential for shaping its concentration gradient. However, it is currently not understood clearly how Bcd is degraded. When assessed in embryonic extracts, Bcd degradation was reported to be proteasome dependent and regulated by the F-box protein Fates-shifted (Fsd) -a specificity factor of the E3 ubiquitin ligase SCF 22 . To further test the proteasome dependency in vivo, we injected tFT-Bcd in n.c.14 embryos with the proteasome inhibitor MG132 and imaged them one hour later. We observed that upon proteasomal inhibition there was an increase in the total amount of tFT-Bcd, a steeper gradient profile, and a shift in the timer ratio indicating the presence of older proteins ( Fig. 3c-e ). However, these effects were not as severe as expected if degradation was completely inhibited, possibly due to partial effect of the drug or the presence of a second degradation pathway. We can fit both DMSO and MG132 injection data with the same parameters using the SDD model (as derived from Fig. 3b ), except changing the Bcd lifetime from 38 (DMSO) to 60 (MG132) minutes. To rule out possible indirect effects of the MG132 on the fluorophores, we injected in parallel embryos expressing the construct with the fluorescent tandem timer but without Bcd. This construct is expected to be very stable as it contains no degradation signals. Accordingly, inhibition of the proteasomes in these embryos did not increase the fluorescent ratio ( Supplementary   Fig. 7a ).
We next crossed the timer line into a fsd-deficient line (Fig. 3f, Supplementary Fig.   7b ). We observe no clear difference between the Fsd mutant and the wt for total amounts of Bcd or gradient profile. The tFT-Bcd ratio is similar between the fsd and the wt embryos in n.c.14, Fig 3g, suggesting that Fsd does not play an important role in regulating the mean Bcd lifetime. Our results do not preclude a role for Fsd in Bcd lifetime regulation (e.g. in ensuring robustness), but suggest that Fsd itself is not directly determining the mean Bcd lifetime.
Protein age during early development
So far we have focused on quantifying the tFT-Bcd ratio in early n.c.14, when the gradient is presumed near equilibrium 10 . In steady-state, the tFT-Bcd ratio is independent of production, and thus gives no information about the Bcd synthesis rate. However, out of steady-state the tFT-Bcd ratio can also be a function of the production rate, see Theory section in Supporting Information.
Thus, we acquired 4D movies of the Bcd timer in developing embryos from the early syncytial blastoderm to gastrulation, Fig. 4a , Supplementary Video 1. Analysis of the sfGFP intensity profile in these embryos matched previous measurements in singlefluorophore tagged lines: a clear Bcd gradient by n.c.10 that increases in intensity until n.c.13 and then starts to decay during n.c.13 and n.c.14 (Fig. 4b) 10, 24, 31 . The temporal response of the tFT-Bcd ratio suggests that the average Bcd protein age is changing throughout early development (Fig. 4b, lower panel) .
To aid interpretation of this new information, we performed in silico experiments on the SDD model to distinguish two alternative clearance mechanisms: production cessation or degradation increase. The concentration profiles during the clearance are largely indistinguishable (Fig. 5a insets) , but the average protein age increases in the first scenario, and decreases in the second, Fig. 5a . We next allowed the system to reach steady-state, and then changed the production and the degradation rates in a step-wise manner, Fig. 5b . To visualize the timer read-out (age information) and the total intensity (concentration information) simultaneously, we created a phase diagram comparing temporal changes in protein age with the total concentration, Fig.   5b . To reduce the space dimension, we considered only the mean Bcd intensity in the anterior region (other regions are qualitatively similar, Supplementary Fig. 8 ).
Different scenarios for temporal changes in production and degradation resulted in qualitatively distinct trajectories in the phase space (each scenario falls into a different quadrant), potentially enabling them to be distinguished experimentally.
Synthesis-degradation dynamics during early development
We plotted the experimental phase trajectories (based on Fig. 4a ), comparing the tFT-Bcd ratio and the total intensity changes, Fig. 5c , and found all embryos analyzed displayed similar trajectories. Due to the sfGFP folding time (~20 minutes) our results likely represent a delayed readout of around 20-30 minutes in the intensity axis.
Comparing these trajectories with Fig. 5b , we find two phases: the establishment of the gradient; and the clearance. The existence of these phases was expected from simple observation of the gradient but our analysis enables dissection of the underlying changes in the production and degradation rates. These phases correlated strongly to the division cycles ( Fig. 5c , data point color), suggesting that the beginning of the clearance is likely regulated together with the onset of cellularization. During clearance, the tFT-Bcd ratio increased, consistent with cessation of Bcd synthesis ( Fig. 5c and compare trajectories 5 and 6 in Fig. 5b ).
However, this result does not also preclude a change in Bcd degradation rate. It is noteworthy that we do not observe a full clearance of Bcd during this stage, with some signal remaining until stage 9 in development ( Supplementary Fig. 9 ).
To support this interpretation of the experimental trajectories, we performed a simulation keeping the SDD model structure, but introducing the changes in the production and the degradation rates deduced above (Fig. 5d ). More precisely, we started the simulation by building the gradient and then we decreased both the production and the degradation. As shown in Fig. 5d , the simulation results reflect the experimental trajectories closely. This agreement was kept when comparing different regions of the embryo, Supplementary Fig. 8 . To achieve this close resemblance, during the second phase, the decrease in the degradation rate has to happen more abruptly than the decrease in the production rate, Supplementary Fig. 10 . We tested the effect of impeding diffusion during the clearance phase (i.e. due to cellularization) but no appreciable effect on the phase space was observed. Thus the SDD model structure, combined with time-dependent parameters, can explain the formation of the gradient during early development.
Discussion
How does the Bcd gradient form? Previously, models of Bcd gradient formation were difficult to distinguish experimentally as they all have similar concentration profiles in early n.c.14 and measurements of dynamic parameters were not sufficiently clear.
We have shown here that by measuring the average protein age we can clearly distinguish these models. Our timer analysis revealed the following dynamic and Furthermore, the tFT reporter is sufficiently sensitive to probe degradation regulation.
It is becoming increasingly apparent that understanding of developmental patterning requires access to both spatial and temporal information 44, 45 . However, accessing this information in the same experiment is challenging. The tFT reporter is a powerful tool for analyzing such systems as it provides both long-ranged spatial information combined with dynamic information.
Online Methods
Plasmids and fly lines
All plasmids used in this study were cloned by standard methods. For Bcd constructs all the 3' and 5' regulatory regions were conserved. The fluorescent protein fmCherry was evolved in the lab and has the following aminoacidic changes in comparison to mCherry: K52R, K97N, K126R, K143C, K144R, S152T, Y156H, E158G, N201D, T207L, I215V, D232G. The lines 19.C5 (mCherry-sfGFP-Bcd) and the control 79.fd 
Western Blot
For the collection of the embryos, flies of the corresponding lines were caged 2 to 3 days before the embryos collection. Three 45 min pre-laids were performed, followed by 1 hour lays. "Stage 4" embryos plates were left at RT for 70 min, and "Stage 5" embryos plates for 140 min. Then they were collected and snap-frozen in liquid nitrogen. Protein extraction was carried out in High-Urea buffer to a final concentration of 1 embryo/µl. The following antibodies were used: anti Bicoid (rabbit polyclonal, Santa Cruz Biotechnology), anti GFP (rabbit polyclonal, ab6556; Abcam, Cam-bridge, UK).
Imaging of live embryos
Images were taken using a custom-made light-sheet microscope 34 , using confocal mode 40 with a slit size of 30 pixels. In all cases two stacks were acquired simultaneously from two opposing cameras, and then two more stacks were taken after a 90º rotation. The four images obtained were then fused to a single image 34 .
The illumination of the sample was performed simultaneously from both sides with 10x objectives, and the images were acquired with 25x 1.1NA water-dipping objectives. With this set up, the full embryo could fit inside the field of view, and a full stack of the embryo, with 201 z-slices separated by 1µm, was acquired typically in 30 sec (exposure time 100-150 msec). See Supplementary Fig. 4 for demonstration of microscope sensitivity and noise (observed fluctuations in Bcd signal were comparable with those previously reported 46 ) and uniformity of illumination across the field of view.
For single time points analysis, the images were collected 5-10 minutes after mitotic division 13, when the Bcd gradient is relatively stable 10, 31 . Before comparing the ratio of the sfGFP and mCherry signals we removed autofluorescence using linear unmixing 47, 48 . In brief, the images were corrected for autofluorescence and background by the subtraction of a weighted correction image, taken for this purpose. 
Image analysis of the fluorescent timer reporter
To quantify the fluorophore intensities and the tFT-Bcd ratio we performed stereographic projections of the embryo cortical surface 34, 49 , Supplementary Fig. 4 . In such a 2D projection, image segmentation was straightforward using Ilastik 50 and we extracted the Bcd intensity profile across the whole embryo. We confirmed the projection accuracy by mapping the coordinates back to the three-dimensional data.
The embryo images shown (after autofluorescence correction) are made from a z-projection of half the embryos using the brightest-point method in Fiji. Ratiometric images were generated as outlined previously 38 in Fiji, and were used only for display purposes.
Embryo injections
For the injections, we caged newly hatched flies and collected embryos 2 to 3 days later. After at least two 45 min pre-lays, we performed 30 min lays, followed by a 30 min incubation at room temperature, and a 40 sec dechorionation in 50% bleach. The embryos were mounted for injections on a coverslip with heptane glue. Treated and control embryos were mounted side-by-side. After a 5 min de-hydration, they were For the RNA a concentration of 100 ng/µl in RNAses free water was used (controls were injected with water).
More details on the determination of the maturation rates of the fluorophores are available in the Supplementary Information.
Model fitting
To fit the tFT-ratio we needed to account for the different intensity of the sfGFP and mCherry fluorophores. For this we considered two options: (1) use a priori information and normalize the profiles at large distances (as in Fig. 2e inset) , where we expected only old protein; (2) or leave the intensity normalization factor as a free parameter. The consequence of the latter scenario is to increase the uncertainty range on the diffusion and degradation parameters, Supplementary Fig. 6 and Supplementary Information. All results presented in the main figures uses either unnormalized tFT-ratios or use an additional parameter to account for intensity scaling.
Parameter estimation
For each model, we calculated , where E i and O i represent the model prediction and experimental observation for each position x i . Using alternative fitting, such as a simple least-squares analysis did not significantly alter the main conclusions, data not shown. Error bars on model fits were calculated by calculating the parameter range for which χ 2 < 10 -3 . Fits were performed using different approximations for FRET effects, Supplementary Fig. 6 .
Simulations and Modeling
Mathematical details of all models considered are described in the Supplementary Material. Briefly, models were numerically solved with Bcd insertion at x=0µm and no-flux boundary condition at L=500 µm, Supplementary Fig. 1 for further simulation results. All calculations and simulations for Fig. 1-3 were performed in Matlab. The simulations for Fig. 5 were performed in R, using the package Reactdiff. Details of analytical approaches to calculating the protein age are described in the Supplementary Information and Supplementary Fig. 10 . 
